For the last 20 years the world cardiosurgery has presented a considerable change of attitude to mechanical circulatory support. In spite of technological progress the main problems in ventricular assist devices are: thrombosis and low accuracy of ow measurements. In this paper the prototype of multi-gate Doppler owmeter intended for cardiac assist system ReligaHeart EXT has been presented as well as the possibility of ultrasonic microembolus detection.
Introduction
Latterly the mechanical circulatory support (MCS) has became clinical routine of heart insuciency treatment [1] [2] [3] . Since the '80s of the 20th century it has been conducted by means of pulsating, extracorporeal ventricular assist devices (VAD). Parallel to them the rotary blood pumps (RBP) were being developing. In spite of technological progress the MCS is inseparably connected with risks of blood traumatization (by contact with articial material and mechanical stress [4] ), bleeding and infection. The blood traumatization leads to decomposition of red blood cells (hemolysis) and activation of coagulation system (thrombogenicity), involving microembolus and well-organized clots growth, adhered to the internal surface of the blood pump. In spite of advanced methods of coagulation system blocking the thrombus remain principal side-eects of MCS [5] .
In both types of VADs (pulsatile and RBP) the ow is not constant, therefore the ultrasound transit-time method is the most often used for its measurement [6] (other non-invasive methods [7] [8] [9] [10] [11] are in early stage of development). The accuracy of this assessment is about 5-7% for laminar ow [6] and less than 20% for transition or turbulent ow [12] . Due to the risk of clots forming the alternative method of measurements must be noninvasive. There is the only one clinically applied RBP including direct ow measurement [13] , in other cases the ow is estimated based on electric power, speed and viscosity of blood [14, 15] . This approach is low accurate (20% for ows > 5 l/min [16] ) but the method itself is non-invasive and it allows to demonstrate the ow vs. time dependence.
The considerable achievements in the area of MCS by extracorporeal, pulsating VADs belong to Foundation of Cardiac Surgery Development [2] . Up till now more than * corresponding author; e-mail: maciej.gawlikowski@poczta.onet.pl 270 application of POLVAD-MEV blood pumps have been performed. Based on the clinical experiences the Foundation has developed a new generation, extracorporeal cardiac support system ReligaHeart EXT [11, 17] .
One of issues of the project concerned the development of non-invasive measurement methods intended for heart prostheses.
2. Goal Despite technical progress the most particular problems concerned the contemporary MCS are thrombogenicity of VAD and blood ow measurement. In this paper authors would like to present:
• the results of investigations on the ow measurement by means of multi-gate Doppler,
• the perspective of microembolus detection by means of ultrasonic methods. 
Material and methods
The prototype of the owmeter has been developed based on the multi-gate pulse wave Doppler technique [18] , in which the volumetric ow is calculated by integration of the ow velocities at each gate. The system consists of two modules: the rst is responsible for emitting, receiving and processing of the RF signal, the second Table. In a prototype of owmeter the transducer with a diameter of 5mm was applied. 
The map of F AV is converted to the velocity v of the ow at the gate g by means of the equation
where F n frequency of emitted signal, c sound velocity in blood, α angle between ultrasound beam and direction of the ow. The instantaneous volumetric ow Q(t) is calculated as a sum of uxes corresponding to the velocities of the ow v(g, t) at respective gates g
where dS(g) the part of a vessel lumen assigned to the gate. 
Results
The results of measurements of pulsating (Q AV = 3 l/min) ows have been presented in Fig. 2 
Discussion
In the range of 4 l/min the accuracy of pulsating ows measurements is comparable to the reference (Fig. 3) but the accuracy of continuous ow measurements is about two times worse than the reference and reaches 15%. Because the volumetric ow is calculated based on the local ow velocities it is presumed, that observed eect is connected with high variance of local ow caused by: its turbulent character during ow through the diusershaped connector or the detachment of the stream [20] .
Due to inertia of blood the dynamics phenomena occurring in pulsating ow cannot be considered as a simple combination of excerpts of continuous one.
In order to assess the ow instability the FEM simulations may be utilized, however (due to complicated modeling of blood rheology [21] ) the results ought to be veried in physical experiment, e.g. by means of ultrasonic Doppler velocimetry [22] . In 
Conclusions
Developed multi-gate Doppler system allows to measure average ow as well as pulsating with high dynamics.
For average ows less or equal to 4 l/min the accuracy is comparable with the reference (about 8%). For ows greater than 5 l/min the accuracy decreases signicantly. A standard approach involves human experts who distinguish embolic events from background and artifacts, however, many papers introduce systems for automated emboli detection [24, 25] . One method [30, 31] allows to distinguish the gaseous emboli from the solid ones by taking advantage of their non-linear behavior. The air bubbles not only reect the fundamental frequency but also convert some of the acoustic energy into harmonic frequency components. As the diameter of the gaseous emboli determines their reso-nance frequency, it can be estimated with this technique as well. This method, however, requires special transducer design which allows to transmit adequate scanning pulses and at the same time provides wide receiver band to acquire the frequency components. Moreover, it still doesn't provide the information on the size of the solid emboli.
In order to characterize both the gaseous and solid emboli, an emboli-to-blood ratio (EBR) was introduced [32] . However, this parameter is based on backscatter cross-section of emboli and blood owing through the sample volume, and thus it cannot be measured directly.
Therefore, practical implementation of this idea involves a measured EBR (MEBR) which is dened as a ratio of powers of signals from a sample volume in the presence and absence of embolic events [33] . Fortunately, the MEBR to embolus diameter dependence varies with frequency, and thus use of more than one transmitted frequency potentially allows to overcome the mentioned ambiguity in determination of the emboli size.
Knowledge in the area of multi-gate Doppler ow measurements and development of extracorporeal heart pros- 
